This paper describes optical components developed for a three-dimensional imaging system based on integral photography. A variety of lens arrays with differing specifications were required and, by suitable choices and refinements to manufacturing techniques, lens arrays were developed specifically for various stages of the imaging system. Major achievements include an image transfer screen 300 mm × 300 mm with 125 µm pitch lenses formed in photoresist and high-quality replica arrays with a 100% fill factor and pitch value of 850 µm moulded from diamond-machined masters.
Introduction
An optical system for reproducing three-dimensional images using the principle of integral photography was proposed by Davies and McCormick [1] [2] [3] . The key components are multiple arrays of lenses which relay, invert and encode a range of views of the object. This paper describes microlens arrays developed for a camera designed by Davies and McCormick and built as part of a DTI Link Photonics project [4] . Earlier experiments used reflecting screens and cylindrical lens arrays but this camera uses two-dimensional arrays of plano-spherical lenses throughout. It is believed to be the first singlestage large aperture camera to be used for directly recording, in transmission, images that replay with full parallax and orthoscopic perspective. The paper describes some test results obtained during the development of the lens arrays.
Integral photography
Integral photography uses an array of small lenses to encode a range of views of a three-dimensional object. A recording is made with a photographic plate or electronic image sensor placed in the focal plane of the lens array. To replay the three-dimensional image the light paths are reversed and the lens array generates light beams that intersect and form the 'integral' image. In the camera system proposed by Davies and McCormick, multiple lens arrays are used to optimize the image position relative to the recording and to correct the image depth inversion that occurs on replay through a single-lens array.
Optical system
The function of the system shown in figure 1 is to present an axially inverted image at unit magnification to the encoding screen, a lens array with the recording medium in its focal plane. At the heart of the relay system is the image transfer screen formed from a pair of microlens arrays separated by the sum of their focal lengths. This inverts the image depth and generates a pseudoscopic image. Real images of the threedimensional object are formed in the vicinity of the image transfer screen by an array of relatively large lenses (39 mm pitch hexagonal array) and relayed to the encoding screen by a similar array. When the recorded image is replayed the light paths are reversed and a single-lens array is used as a replay screen to generate an orthoscopic image. In order to reconstruct a field of view as wide as possible, the lenses in the system were designed with an aperture ratio of approximately f /2.
One commercial application for three-dimensional images is advertising and a range of image sizes and quantity of production are required. The encoding screen can be used to replay the three-dimensional image from the original recording but for multiple copies and various degrees of enlargement a variety of sizes of replay screens are required with different pitch values.
Lens arrays
During the course of this work various techniques for fabricating microlenses were investigated. They melting photoresist, the use of grey scale masks to etch lens profiles in photoresist, ion-etching in glass and diamond machining a metal master. The technique of melting small islands of photoresist was used at NPL to form arrays of lenses with circular apertures and very smooth, near-spherical surfaces were obtained. However, the gaps between the circular lens apertures transmit unwanted light unless an interstitial mask is used. Figure 2 (a) shows lenses formed this way in a 500 µm pitch array on a glass substrate with a chromium interstitial mask. The bright rings show where the lenses slightly underfill the mask. Figure 2 (b) shows images formed by these lenses of a Sayce test chart illuminated by white light. The finest bar spacing resolvable in the images, which were spaced by 500 µm, was less than 12 µm.
Photoresist is a delicate material and it is often desirable to replicate such lens arrays in a more durable material such as epoxy resin. Another factor to consider is the inherent colour of the resist when viewed in transmission. For small lenses that are relatively thin the absorption may not be a problem but for larger lenses requiring a thicker layer of resist it may be unacceptable.
Full-fill arrays-graded exposure in photoresist
One method of making microlens arrays uses a graded-density mask to control the exposure distribution and hence generate a lens profile when the resist is developed [5] . Each pixel on the photomask has a corresponding grey level determined using a half-tone printing process. This method was used to make resist arrays with pitch values of 90 and 125 µm, and replicas were formed in UV curable polymer resins. The lens surfaces were slightly rougher than those obtained by melting but near 100% fill was obtained. Figure 3 shows interferograms of Unfortunately it was not possible to fabricate the arrays in areas large enough for this application. Nor was it possible to form larger lenses because, for the same aperture ratio, thicker resist layers were required and the characteristic response and correct exposure values were difficult to predict.
Image transfer screen
The image transfer screen was assembled from a pair of relatively large lens arrays formed by melting resist arrays on 9 mm thick glass substrates patterned with a chrome interstitial mask. Each hexagonal array was 300mm ×300 mm with apitch of 125 µm and contained over 6 million lenses! Figure 4 shows a Mach-Zehnder interferogram of the wavefront transmitted by a single lens in a 125 µm pitch array at a wavelength of 633 nm. Two arrays were assembled using spacers to maintain the 2 f separation where the focal length f was 250 µm. They were held in place with adhesive once the very critical lateral and rotational alignments had been carried out. Because the resist lenses were on the internal faces of the assembly they were protected from mechanical damage during later use. 
Encoding screen
The encoding screen is the lens array placed immediately in front of the photographic emulsion to record the threedimensional image. Close-packed lens arrays were necessary for the encoding screen to obtain maximum viewability in the reconstruction. Lens arrays were developed for this project by the German company aµs gmbh in conjunction with NPL who made the necessary wavefront and surface profile measurements. Master arrays were made using an ion-etching technique and replicas were made by casting resin on glass substrates. The result was close-packed hexagonal arrays with a pitch of 250 µm on 150 mm × 150 mm substrates. Figure 5 shows a Mach-Zehnder interferogram of the wavefront transmitted by one lens at a wavelength of 633 nm. The radius of curvature is 390 µm and focal length is 680 µm.
Replay screens
The replay screen is the lens array placed immediately in front of the recording to reconstruct the three-dimensional image. One option is to use the encoding screen to replay threedimensional images from original recordings. be enlarged and replayed with the appropriate size and pitch lens arrays. In applications such as advertising, large-area lens arrays are desirable. The scaling rules of the optical system dictate that the lenses on such arrays have relatively large sag heights, greater than 20 µm. The techniques used previously for making the microlens arrays in the camera cannot be used for making the relay screens. We therefore developed a diamond turning method for making them. In this method the lens array is first machined into a metal plate to form a tool which is then used to make replica lenses by moulding into UV-curable acrylate polymer resins [6] . Figure 6 
Test artefacts and images
The modulation transfer function (MTF) of the image transfer screen was measured for a range of axial positions. Measurements were carried out with equipment that projected an image of a narrow slit to be relayed by the transfer screen and re-imaged to a linear detector array. The MTF was calculated using a fast Fourier transform. Examples of the results are shown in figure 7 and illustrate the way MTF reduces with increasing object distance from the image transfer screen.
In figure 8 the three-dimensional image of a human subject was recorded on a 5 × 4 inch Kodak T64 transparency film using the lens array presented in figure 6. The reconstructed image was then photographed in two dimensions using a still digital camera viewing from five different positions to show the parallax effects in the reconstructed image.
Summary
A variety of techniques have been used to fabricate arrays of lenses for a three-dimensional imaging system. The graded exposure approach to forming full-fill lenses in resist was only suitable for relatively small arrays with shallow microlenses and photoresist reflow was used to make the large arrays for the image transfer screen. The lens surfaces are protected by the substrates and an interstitial mask reduces stray light.
Full-fill arrays with a pitch of 250 µm for the recording screens were made by an ion-etching technique and the array area was limited by the fabrication facilities to 150 mm square. Full-fill arrays with a pitch of 850 µm for larger replay screens were made by diamond turning and arrays of surfaces with a sphericity of better than 0.5 µm were achieved. Each stage of the system had its own requirements and the work has shown that by a suitable choice of fabrication technique and a compromise between durability, fill-factor and lens form for particular array dimensions those requirements can be satisfied.
